We have shown that red blood cell (RBC) adenosine-5'-triphosphate (ATP) is better maintained and that there is less hemolysis and K+ leakage in hypotonic experimental additive solutions (EASs) containing glutamine and glutamine plus phosphate (Pi) than in the conventional additive solution Adsol during blood bank storage. The objective of this study was to determine if the beneficial effect produced in these media correlates with better preservation of RBC membrane properties including lipid content, phospholipid organization, aminophospholipid transport (flippasel, and prothrombin converting activity. Aliquots of packed RBCs were stored in EASs containing adenine, glucose, sodium chloride, and mannitol, with 10 mmol/L glutamine (EAS 44) or with 10 mmol/L glutamine and 20 mmol/L Pi(EAS 45). or in Adsol. RBC membranes were studied after 0,28, 42, and 84 days of storage, and vesicle membranes were studied HE PHOSPHOLIPIDS of the erythrocyte plasma mem-T brane are nonrandomly distributed between the inner and outer leaflets of the bilayer, with the aminophospholipids, phosphatidylserine (PS) and phosphatidylethanolamine (PE), concentrated in the inner leaflet and the cholinephospholipids, phosphatidylcholine (PC) and sphingomyelin (SM), concentrated in the outer leaflet.I4 The absence of PS in the outer leaflet prevents procoagulative activitie~.~-" Loss of lipid asymmetry and the appearance of PS in the outer leaflet enhance erythrocyte binding to macrophages or monocytes?." Two mechanisms have been postulated for the maintenance of lipid asymmetry: (1) an adenosine-5'-triphosphate (ATP)-dependent aminophospholipid transl~case'*-'~ that concentrates PS and PE in the inner leaflet of the bilayer; and (2) the interaction of aminophospholipids with cytoskeletal proteins such as spectrin and band 4.1.
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1.I5-I8
During blood bank storage, human red blood cells (RBCs) lose ATP, 2,3-diphosphoglycerate and intracellular K+ and shed spectrin-free micro vesicle^'^^^^ enriched in band 3, band 4.1, and acetylcholinesterase (AChE). Improved RBC preservation correlates with decreased losses of band 3, band 4.1, AChE, and lipids in the micr~vesicles.~~ We have recently shown that hypotonic experimental additive solutions (EASs) containing glutamine and glutamine plus phosphate (Pi) better maintain erythrocyte ATP and transmembrane ion balance compared with the conventional storage medium, Ads01.~' Because ATP and cytoskeletal proteins are proposed to be important in the maintenance of lipid a~ymmetry,~' we hypothesized that improved erythrocyte preservation in the EASs containing glutamine and glutamine plus Pi is due to maintenance of RBC membrane structure.
The results show that RBC membrane lipids were better maintained in EASs compared with Adsol. The degree of vesiculation was lower in EASs than in Adsol. Loss of bands 3 and 4.1 in microvesicles was not significantly affected by storage media. The rates of PS transport were lower for stored cells, but they did not differ in the storage media investigated. However, membranes of RBCs stored in Adsol and an EAS containing 10 mmol/L glutamine (EAS 44) had significantly greater amounts of PE present in the outer leaflet than in an EAS containing 10 mmol/L glutamine plus after 84 days. RBC cholesterol and phospholipid content remained significantly greater ( P < .Ol) in EASs than in Adsol.
The degree of membrane vesiculation was more than 50% lower in EASs than in Adsol ( P < .01). After 42 days of storage, the accessibility of phosphatidylethanolamine to phospholipases was -1.5 times greater for Adsol and EAS 44 samples than for EAS 45 samples (43.5% Y 28%). The rates of phosphatidylserine transport were 43% to 70% lower for stored cells but were not dependent on storage media. The amounts of bands 3 and 4.1 in the microvesicle membranes were not statistically different in any of the preparations. These results suggest that storage of RBCs in glutamine and Pi-medium better maintains ATP, lipid content, and phospholipid asymmetry and results in decreased vesiculation. 0 1996 by The American Society of Hematology.
20 mmol/L Pi (EAS 45). Prothrombin-converting activity in erythrocytes was unchanged during storage but enhanced in the shed vesicles irrespective of storage conditions. These observations suggest that glutamine and Pi in the preservation media prevent flipping of PE from the inner to the outer leaflet, better maintain erythrocyte ATP and lipids, and decrease vesiculation. Values are millimoles per liter.
Nonpenetrating milliosmolality represents components that do not penetrate the cell.
vice (SCD 312; Haemonetics, Braintree, MA). One aliquot was stored with 100 mL Adsol per unit of blood, and the other two aliquots were stored in equal volumes of EASs (prepared as described previouslyz8) containing adenine, glucose, sodium chloride, and mannitol additives with IO mmoVL glutamine (EAS 44) or IO mmol/L glutamine plus 20 mmoVL Pi (EAS 45). The compositions of the additives are shown in Table 1 . All units were stored at 1°C to 6°C and were thoroughly mixed (10 minutes) on a platelet agitator (Meddev Corp, Los Altos, CA) before sampling at 0, 28, 42, and 84 days of storage. Sterility was confirmed by inoculating 1.0 mL of the final sample into tubes of thioglycolate and tryptic soy broth.
RBCs were isolated from the blood samples by centrifugation at 2,000s for 10 minutes and washed three times in phosphate-buffered saline (PBS; 138 mmol/L NaCI, 5 mmol/L KCl, 6.1 mmoVL Na2HP04, 1 mmol/ L MgClz, pH 7.4), stored on ice, and processed within 24 hours for phospholipase treatments, prothrombinase converting activity, lipid extraction, and transport assays.
Microvesicles were isolated as described previously.z8 Briefly, the supernatant was collected after centrifugation at 2,OOOg for 10 minutes and passed through 0.8-pm nitrocellulose filters (Nuclepore Corp, Pleasanton, CA) in a commercial filtration system at S to IO lbs/in2 Nz pressure. The filtered supernatants were centrifuged at 38,ooOg for 1 hour and the isolated vesicle pellet was washed and suspended in PBS containing 2 mmolL EDTA and 1 mmolL phenylmethylsulfonylfluoride.
Lipids were extracted by the method of Broekhuyse. diaminobenzidine and hydrogen peroxide. Band 4. I was localized by treating the blots with a polyclonal rabbit antiserum to human band 4.1 (courtesy of Dr P. Low, Purdue University, West Lafayette, IN). The secondary antibody was peroxidase-conjugated goat antirabbit IgG (Organon Teknika) and was detected as described above.
Phospholipase treutments. Membrane phospholipid asymmetry was determined by phospholipase digestion of outer monolayer phospholipids following a modification of the method of Wilson et aL3' Briefly, 0.2 mL of washed erythrocytes was suspended in 0.8 mL of HEPES buffer (HBS; I O mmol/L HEPES, 150 nimol/L KCI, pH 7.4) containing CaClz ( O S mmoVL). To remove vesicle contamination, RBCs were sedimented at low speed (2,00013) and washed three times before enzyme treatment. Phospholipase A2s (bee venom and Naja naja naja, 0.02 mL each of a 1,000 IU/mL solution) and sphingomyelinase C (0.02 mL of a 38.5 IUlmL solution) were added, and the suspension was incubated for 1 hour at 37°C. The reaction was stopped by the addition of 0.1 mL of HBS containing EDTA (10 mmol/L). Erythrocytes were collected by centrifugation, washed three times with 0.8 mL of HBS containing EDTA (1 mmolk), and stored on ice. This procedure of phospholipase digestion has been shown to produce less than 3% hemolysis, SO% 2 5% hydrolysis of the total phospholipid pool, and no net shape change. These requirements were met by greater than 93% of the samples analyzed.
Erythrocytes treated with phospholipase A2s were lysed in Tris buffer (10 mmolk Tris base/2 mmol/L EDTA, pH 7.4). and the membranes were collected by centrifugation ( I O minutes at 16,000g ). This procedure was repeated 4 to 6 times until the supernatant was clear. Phospholipids were extracted by the procedure of Comfurius and Zwaal," with the addition of two chloroform washes of the aqueous phase. The combined organic phases were dried under a stream of nitrogen and reconstituted in 20 pL of chlorofordmethanol (4: I). Lipids were separated by twodimensional thin layer chromatography'h and quantified by phosphate analy~is'~ of spots scraped from each plate.
Prothrombin-converting activity u,s.suy. Erythrocyte prothrombin converting activity was assayed according to Wilson et al. 3h Released thrombin was measured using the chromogenic substrate sarcosine-Pro-Arg-p-nitroanilide (500 pmolL final concentration).'X Phosphatidylserine transport. Phosphatidylserine transport was measured using short chain phosphospholipids and the cell morphologic method of Daleke and Huestis.'7-'4 Short chain ( < C14) phospholipids transfer rapidly (tli2 -minutes) between membranes.
When incubated with erythrocytes, these lipids induce changes in cell shape characteristic of the monolayer location of the lipid"; lipids that bind selectively to the outer monolayer induce spiculation due to the increase in monolayer surface area. whereas lipids that accumulate in the inner monolayer induce membrane invagination. A conversion from discoid or echinocytic shapes to invaginated shapes is indicative of transbilayer transport." Briefly, cells were treated with sonicated vesicles composed of dilauroylphosphatidylserine (DLPS). At appropriate time intervals, aliquots of the cell suspension were fixed in IO vol of 0.5% buffered glutaraldehyde and viewed by light microscopy. Cell shape was scored according to a morphologic scaleI4: discocytes were scored 0, echinocytes were given positive values depending on degree of spiculation, and stomatocytes were given negative values depending on the degree of invagination. The average score of a field of 100 cells was detined as the morphological index (MI).
Protein assays were performed using the method of Bradf~rd.~' Because vesicle membranes contain hemoglobin, a correction was made for hemoglobin ont tent.^" ATP measurements were performed as described previously.2x
Phospholipid analysis. greater in Adsol than in EASs 44 and 45 (P < .01; Fig 1) . and 45 (Fig 2A and B) . After 42 days of storage, erythrocytes displayed a small (5% to 12%) but significant decrease in cholesterol and phospholipid content. Further storage resulted in a greater (12% to 25%) loss of phospholipid and cholesterol, although in all cases EASs 44 and 45 were more effective in suppressing lipid loss than Adsol. Molar CK' ratios were not significantly different in the stored cells, indicating that selective loss of cholesterol or phospholipid did not occur. In agreement with the erythrocyte results, the amounts of cholesterol and phospholipid shed as vesicles in EASs 44 and 45 were significantly lower (52% to 63%) than those in Adsol (P < .001), but the C/P ratios were not altered significantly (Fig 3) . Consistent with the lipid data, less protein was shed as vesicles during storage in EASs 44 and 45 than in Adsol ( Table 2) . In all instances, the protein-to-lipid ratio (0.9 mg proteidpmol lipid) was identical in all storage media, indicating that selective loss of protein or lipid did not occur.
Miscellaneous assays.

RESULTS
Erythrocyte ATP. Erythrocyte ATP levels decreased during storage; however, this decline was significantly
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RBCs stored in EAS
Up to 28 days of storage, hemolysis was less than 0.3% in all storage media (Fig 4) . Upon further storage, EASs 44 and 45 were significantly more effective in suppressing hemolysis. Storage in Adsol resulted in 0.9% hemolysis after 42 days of storage and 5.6% after 84 days, whereas storage in EASs produced 50% and 70% less hemolysis than Adsol after 42 and 84 days of storage, respectively.
Phospholipid asymmetry and aminophospholipid transport. Erythrocytes stored in Adsol and in EAS 44 exhibited -1.5-fold greater amount of PE in the outer leaflet than those stored in EAS 45 (43.5% v 28%) after 42 days of storage as assayed by phospholipase accessibility (Fig 5) .
The distribution of other phospholipids was not affected. Erythrocyte prothrombin-converting activity did not change during storage in any of the media (Table 3) lack of extemalization of PS. However, in contrast, vesicular prothrombin-converting activity was significantly greater (P < .OS) than that of RBCs, indicating at least a partial loss of PS asymmetry in vesicle membranes (Fig 6) . Although PS asymmetry was unaffected in erythrocytes, the rate of aminophospholipid transport (MI per minute) was decreased by 43% to 70% after 42 days of storage in all media (Fig  7) .
lmmunoblot unulyses of vesicle membrane bunds 3 and 4.1. Immunoblot analyses of the vesicle membranes isolated after 84 days of storage did not show significant differences in any of the storage media.
DISCUSSION
Compared with conventional storage media, EASs containing glutamine or glutamine plus phosphate better maintain RBC ATP content, induce less hemolysis and vesiculation, and preserve transmembrane phospholipid asymmetry. Although the mechanism of the beneficial effect of glutamine and phosphate on RBC metabolites and membrane structure is unknown, it may result from modulation of metabolic pathways.
Previously, we have shown that the addition of Pi to the glutamine-containing storage medium, EAS 44, increased For personal use only. on October 3, 2017. by guest www.bloodjournal.org From step of the Embden-Meyerof pathway, thus stimulating ATP p r o d~c t i o n .~~ Furthermore, Pi is necessary for the conversion of glyceraldehyde 3-phosphate to 1,3-diphosphoglycerate by glyceraldehyde 3-phosphate dehydrogenase. Pi has also been postulated to enhance phosphoribosylpyrophosphate production, which could serve as a substrate for adenylate pyrophosphate transferase, thus maintaining ATP levels through the purine salvage pathway.-
The mechanism of the protective effects of glutamine and Pi on RBC membrane structure, including reduced vesiculation (Figs 2 and 3) , better preservation of transmembrane ion gradient^,^' and maintenance of transmembrane lipid asymmetry (Fig 5) , is less clear. Although erythrocyte PE asymmetry was retained in EAS 45, it was disturbed in Adsol and EAS 44. This finding suggests that the addition of Pi to the glutamine has a beneficial effect. We observed no changes in erythrocyte PS (or choline phospholipid) asymmetry using phospholipases or prothrombinase activation in any of the media during storage. In a similar study, Geld- werth et a145 obtained qualitatively similar results when RBCs were stored in either CPD or in the 16 mmoVL Picontaining medium phosphate-adenine-guanosine-glucosesaline-sorbitol (PAGGSS). Distribution of endogenous PC, SM, and PS remained constant, whereas there appeared to be an increase in outer monolayer content of PE after 42 days of storage. Our results differ from those of Little and R~m s b y~~ and Shukla et al?' who showed scrambling of PE and PS after 5 weeks of storage using phospholipase C cleavage to differentiate the monolayer lipid distribution. Differences between these results and ours are probably due to the choice of enzymes. Phospholipase C treatments induce endovesiculation that prevents cleavage of all the lipids in the outer monolayer and causes significant shape changes?8 In contrast, the combination of phospholipases A2s and sphingomyelinase C used in this study cleaves all of the outer monolayer lipids (Fig 5) , produces no net shape change,36 induces no hemolysis, and induces no endovesiculation or exovesiculation.
Disruption of one or several of the mechanisms responsible for the maintenance of phospholipid asymmetry may account for the partial loss of lipid asymmetry. These include binding of inner monolayer phospholipids to cytoskeletal proteins, the action of an inwardly-directed ATP-dependent aminophospholipid transporter, and slow passive lipid flipInteraction between acidic phospholipids and cytoskeletal proteins (spectrin and band 4.1) has been implicated in the maintenance of phospholipid asymmetry. However, significant losses of PS asymmetry were not observed in any of flop.
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From the storage media. Because PS, and not PE, has been shown to interact with spectrin and band 4.1 this suggests that the PS-cytoskeleton interaction is not affected during blood bank storage.
The aminophospholipid transporter is dependent on ATP and is inhibited by sulfhydryl oxidizing reagents, Ca2+, and proteolysis, each of which may be affected by storage." However, flippase activity, although reduced, was observed in erythrocytes stored in all three media after 42 days (Fig  7) . Although flippase activity is ATP-dependent, the minimal concentration of ATP required is > 0.2 m m~l / L . '~. '~.~~ All storage media tested maintained significantly high ATP concentrations (>0.73 mmol/L, 2.2 pmol/g Hb, Fig 1) to sustain transport of both PS and PE.s3 The decreased rate of transport may be due to partial, permanent impairment of aminophospholipid translocase activity during storage, as previously reported.4s Glutamate generated from glutamine may be important to maintain glutathione (GSH) levels.s4 Because the aminophospholipid flippase is sensitive to sulfhydryl oxidizing or alkylating agent^,"^.^**'' preservation of GSH levels is essential for proper functioning of the transporter. Retention of flippase activity also indicates that the protein has not become proteolyzed by calpain or subjected to increases in Ca?+ [56] [57] [58] Despite the presence of flippase activity, significantly greater concentrations of PE were present in the outer leaflet of erythrocyte membranes from Adsol and EAS 44 than those from EAS 45. This paradoxical finding suggests that more than one mechanism may be involved in the preservation of phospholipid asymmetry during storage.
The lack of change in distribution of other phospholipids to compensate for the increased surface exposure of PE is problematic. A likely explanation is that storage increases the rate of passive transmembrane flip-flop of PE that, on the timescale of the phospholipase experiments, results in apparent exposure of this lipid on the cell surface. Support for this hypothesis includes an increase in passive PC translocation in stored erythrocytes" and an apparent loss of lipid asymmetry in RBCs treated with hyperglycemic buffers that has been attributed to increased passive lipid flip-flop. 36 The issue of compensatory movements of other lipids can be resolved by examining a static loss of lipid asymmetry versus a selective increase in transmembrane PE flip-flop rates. In the former case, phospholipase treatment would cleave PE residing on the outer monolayer, whereas in the latter, these enzymes would have access to outer monolayer PE and to PE reorientating during incubation with phospholipases. Another possibility is that a lipid scramblase has become activated by storage." These hypotheses warrant further investigation and will be the subject of future studies.
Besides the effects of the EASs on lipid asymmetry and aminophospholipid transport, a more dramatic effect on membrane vesiculation is observed. RBC vesiculation was considerably less in EASs 44 and 45 than in Adsol. This could be the effect of hypotonicity-associated stretching of the membrane in these media that may prevent vesiculation. 60 We have repeatedly shown that membrane vesiculation decreases as the storage condition improves.z8-'0~hl De creased RBC vesiculation in EASs 44 and 45 compared with Adsol can also be correlated with better ATP maintenance, which . in turn may prevent loss of phospholipid asymmetry, especially PE asymmetry. However, irrespective of the storage condition, prothrombin-converting activity in the shed vesicles was greatly enhanced compared with RBC. This is consistent with the literature reports that show a loss of phospholipid asymmetry in vesicles shed from erythrocytes.62
In summary, storage of RBCs in EAS 45 results in better maintenance of ATP, cholesterol and phospholipid content, and phospholipid asymmetry and a decrease in shed vesicles. The results suggest that catabolic products of glutamine, ammonia and glutamate, maintain ATP and GSH levels. respectively. and minimize RBC vesiculation during storage. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From
